The pathogen *Mycobacterium tuberculosis* survives in macrophages, where it is exposed to an array of stresses, including iron restriction, nutrient limitation, oxidative stress, low pH, and membrane stress ([@r1][@r2][@r3][@r4]--[@r5]). Bacteria adapt to these stresses through transcriptional and posttranscriptional responses, including the regulatory functions of *trans*-encoded small regulatory RNAs (sRNAs). Despite the global impact of *M. tuberculosis*, mycobacteria are part of a broad group of bacterial pathogens about which very little is known in regard to sRNA-mediated regulation. For example, mycobacterial sRNAs have primarily been identified during growth in rich medium, and there have been few efforts to identify sRNAs involved in stress responses ([@r6][@r7][@r8][@r9][@r10][@r11]--[@r12]). Additionally, there has been only minimal characterization of the few validated mycobacterial sRNAs. Indeed, just a few putative targets of a single sRNA in *M. tuberculosis* have been described, and no direct interaction between an sRNA and predicted mRNA target has been validated ([@r13]). It is postulated that the rules for sRNA function defined in other bacteria extend to mycobacteria, although they lack key elements of the sRNA machinery, including any obvious homologs of the sRNA chaperone proteins Hfq and ProQ ([@r14], [@r15]).

In other prokaryotes in which sRNAs have been characterized, sRNAs most commonly act by binding to the 5′ end of *trans*-encoded mRNA targets, thereby repressing translation of the mRNA and often facilitating target mRNA degradation ([@r16]). The interaction between sRNAs and their targets is initiated through a short 5--7-nt sequence of perfect complementarity termed the "seed region" and extends to include a longer region with limited complementarity. Many sRNAs are critical for bacterial stress adaptation and pathogenesis, becoming strongly induced during stress exposure to regulate a set of targets ([@r17][@r18][@r19]--[@r20]). For example, expression of the iron-sparing sRNAs RyhB and PrrF of enteric bacteria and *Pseudomonas aeruginosa*, respectively, is highly up-regulated during iron starvation, and these sRNAs repress mRNAs encoding nonessential iron-containing proteins ([@r21], [@r22]).

Given the relative paucity of information on the identity and function of sRNAs in mycobacteria, we used high-throughput methodologies to comprehensively identify sRNAs expressed in *M. tuberculosis* during five in vivo relevant stress conditions. Interestingly, a subset of sRNAs is highly induced in multiple stresses. One of these, here renamed mycobacterial regulatory sRNA in iron (MrsI) or ncRv11846, is induced during exposure to iron starvation, oxidative stress, and membrane stress. We identify the regulon of MrsI in pathogenic and nonpathogenic species and determine direct targets by experimentally validating its seed region and the complementary binding site in the 5′ UTR of regulated mRNAs. MrsI is critical for normal adaptation to iron deprivation in *M. tuberculosis*, and its induction in oxidative stress leads to more rapid regulation of the target *bfrA* upon iron limitation. This supports a model by which *M. tuberculosis* uses oxidative and membrane stress responses as gateways to enter an anticipatory iron-sparing state.

Results {#s1}
=======

Discovery of sRNAs in *M. tuberculosis* Involved in Stress Responses. {#s2}
---------------------------------------------------------------------

We sought to define the compendium of sRNAs in *M. tuberculosis* that are constitutively expressed and responsive to stress conditions. Multiple sequencing-based discovery studies in *M. tuberculosis* have sought to define sRNAs, but only two have used sRNA sequencing (sRNA-seq) approaches, which capture the sRNA boundaries ([@r9], [@r23]). However, these studies searched for only housekeeping sRNAs, and neither provided clues into the physiological roles of these sRNAs. To more systematically define sRNAs in *M. tuberculosis* and gain insight into their function, we performed sRNA-seq in rich medium and five host-like stress conditions: iron limitation, oxidative stress, membrane stress, acidic pH, and nutrient starvation. We identified sRNAs and their 5′ and 3′ boundaries by using the computational sRNA search tool Bacterial sRNA Finder (BS_Finder) ([@r9], [@r24]). We defined a set of 189 *M. tuberculosis* candidate sRNAs ([Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)), 103 of which had not been identified by previous studies ([@r7], [@r9], [@r23]). This result highlights the value of performing sRNA discovery under diverse stress conditions. Future work will be required to confirm the features of individual sRNAs by Northern blot analysis and to identify any that may be nonfunctional mRNA degradation products. Importantly, our dataset provides accurate coordinates of sRNA 5′ and 3′ ends as well as extensive differential expression information, and thus serves as a valuable reference source for the field. A total of 82 sRNAs had greater than sixfold differential expression in at least one condition ([Fig. 1*A*](#fig01){ref-type="fig"} and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Most induced sRNAs were specific to a single stress, but a smaller set of sRNAs was induced in multiple stresses, including ncRv11803, ncRv11846, and ncRv12659, which were highly induced in three different stress conditions ([Fig. 1*A*](#fig01){ref-type="fig"}).

![Differential sRNA-seq in *M. tuberculosis*. (*A*) Heat map of the 82 *M. tuberculosis* sRNAs significantly differentially expressed across three biological replicates (*P* \< 0.05; fold change ≥6) in at least one stress condition. (*B*) Volcano plots of sRNA differential expression in iron starvation for 24 h (*Top*), tBHP-mediated oxidative stress for 4 h (*Middle*), and SDS-mediated membrane stress for 4 h (*Bottom*). The orange data point in each graph is ncRv11846/MrsI.](pnas.1718003115fig01){#fig01}

The ncRv11846 Homolog in *Mycobacterium smegmatis* Is an Iron-Sparing sRNA. {#s3}
---------------------------------------------------------------------------

We focused on one of the promiscuously induced sRNAs, ncRv11846, which is the most highly induced sRNA during iron starvation and oxidative stress, and is also highly induced in membrane stress ([Fig. 1*B*](#fig01){ref-type="fig"}, orange data points, and [Fig. 2*A*](#fig02){ref-type="fig"}). ncRv11846 is ∼100 nt and is predicted to be highly structured ([Fig. 2*B*](#fig02){ref-type="fig"}). Transcription of the sRNA starts ∼100 bp upstream of Rv1847, a gene of unknown function that appears to be an independent transcript, given that we have previously identified its distinct transcriptional start site ([Fig. 2*A*](#fig02){ref-type="fig"}) ([@r25]). In addition, ncRv11846 has a predicted rho-independent terminator at the 3′ end of the sRNA ([Fig. 2*B*](#fig02){ref-type="fig"}) ([@r26]). We used Northern blot analysis to confirm that ncRv11846 is a small independent transcript and is induced in iron starvation and oxidative stress ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). ncRv11846 is highly conserved across Mycobacteriaceae and Nocardiaceae, particularly in a 30-nt stretch preceding the terminator ([Fig. 2*C*](#fig02){ref-type="fig"}). A binding site for the mycobacterial iron-dependent transcription factor IdeR is present near the transcriptional start site of this sRNA in *M. tuberculosis* and the nonpathogenic relative *Mycobacterium smegmatis* ([@r27]). This is consistent with the increased abundance of the sRNA in growth in iron limiting conditions, suggesting that ncRv11846 might be involved in the bacterial response to iron deprivation.

![ncRv11846/MrsI is a promiscuously induced, highly structured and conserved sRNA. (*A*) Read distribution around the ncRv11846/MrsI locus in sRNA-seq data in rich medium and MrsI-inducing stress conditions. The linear scale (shown on the left) shows the number of reads. (*B*) Predicted minimum free energy secondary structure of ncRv11846/MrsI (mFold). The putative functional domain and rho-independent terminator are marked. The red box denotes the 6-nt seed region. (*C*) Alignment of the putative functional domain of ncRv11846/MrsI homologs from selected actinobacterial species. The red box denotes the sRNA seed region.](pnas.1718003115fig02){#fig02}

To develop *M. smegmatis* as a model for dissecting the mechanism of ncRv11846 action, we defined the expression pattern of its homolog in *M. smegmatis*. This homolog had previously been identified in a screen for sRNAs in *M. smegmatis*, and both ends were mapped by RACE analysis ([@r10]). The promoter of the sRNA in *M. smegmatis*, defined here as the 200 bp upstream of the 5′ end, was fused to a luciferase reporter to measure induction in each stress condition. Iron deprivation resulted in high levels of induction, but, unlike in *M. tuberculosis*, neither oxidative stress nor membrane stress induced expression of the sRNA in *M. smegmatis* ([Fig. 3*A*](#fig03){ref-type="fig"}). This suggests that the core function of the sRNA across mycobacterial species is mediated during iron deprivation and led to it being termed "mycobacterial regulatory sRNA in iron."

![ncRv11846/MrsI is induced during iron limitation in *M. smegmatis* and is involved in adaptation to iron starvation. (*A*) The promoter of the ncRv11846/MrsI homolog in *M. smegmatis* was fused to a luciferase reporter, and cells were exposed to stress before measuring luciferase activity (\*\*\**P* \< 0.0001, unpaired *t* test). Error bars represent SD of three replicates. (*B*) Growth curves of MrsI strains in medium with (*Left*) and without (*Right*) iron. Dashed lines indicate the final optical density reached for strains with and without *mrsI* (\*\*\**P* \< 0.0001, unpaired *t* test).](pnas.1718003115fig03){#fig03}

To investigate the function of MrsI on mycobacterial gene expression and adaptation, we constructed a deletion mutant (∆*mrsI*) in *M. smegmatis*. When the cells were grown in iron-rich medium, no growth difference was observed ([Fig. 3*B*](#fig03){ref-type="fig"}, *Left*). However, in iron-limited medium, *M. smegmatis* ∆*mrsI* reached a lower final optical density, whereas MrsI was strongly induced in WT cells ([Fig. 3*B*](#fig03){ref-type="fig"}, *Right*, and [*SI Appendix*, Fig. S2*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Complementation on an episome restored MrsI levels and growth of the deletion mutant in iron-limiting conditions ([Fig. 3*B*](#fig03){ref-type="fig"}, *Right*, and [*SI Appendix*, Fig. S2*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)).

This phenotype is reminiscent of the growth defect observed for deletion of the iron-sparing sRNA RyhB *in Escherichia coli* and PrrF1 and PrrF2 in *Pseudomonas aeruginosa* ([@r22], [@r28]). We thus hypothesized that MrsI functions as an iron-sparing sRNA during iron limitation, repressing the expression of nonessential iron-containing proteins to restrict iron for essential functions ([@r28], [@r29]). To test this hypothesis, we used transcriptional profiling to identify genes whose expression is regulated by MrsI during iron deprivation in *M. smegmatis* ([Dataset S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). A total of 20 genes, organized in 12 transcription units, had significantly higher abundance in the *mrsI* deletion strain compared with the WT and complemented strains, consistent with repression by MrsI ([Fig. 4*A*](#fig04){ref-type="fig"}, red data points, [*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental), and [Dataset S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Of these 12 transcripts, 8 code for nonessential proteins that are predicted to bind iron or be involved with iron metabolism, including the NiFe hydrogenase maturation factor HypF, the bacterioferritin BfrA, and the ferredoxin reductase FprA ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). We confirmed the higher transcript levels of *bfrA* and *hypF* in the *mrsI* deletion during iron limitation by quantitative RT-PCR (RT-qPCR; [*SI Appendix*, Fig. S4*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Additionally, we performed proteomic analysis on the same strains as mentioned earlier during iron limitation. Gene set enrichment analysis confirmed significant enrichment of the differentially expressed proteins within the gene set of targets identified by transcriptomic analysis ([Dataset S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)) ([@r30]). These results support a model in which MrsI acts as an iron-sparing sRNA in *M. smegmatis*, whereby it represses the expression of nonessential iron-containing proteins to reserve the dwindling iron stores for essential proteins.

![MrsI is an iron-sparing sRNA in *M. smegmatis* and binds directly to the *bfrA* mRNA. (*A*) Volcano plot of transcriptomics for WT and ∆*mrsI M. smegmatis* after 6 h of iron starvation. Red data points indicate genes with elevated levels in the deletion strain compared with WT and complemented strains (fold change \>1.5; *P* \< 0.05). (*B*) Schematic of the WT-WT (*Top*) and mut-mut (*Bottom*) binding interaction between MrsI and the target *bfrA*. The MrsI seed region is in bold, and the bases mutated for the compensatory mutation assay are in red. (*C*) MrsI regulates *bfrA* directly. The promoter and 5′ UTR of *bfrA* were fused to the *zeoR* gene, and reciprocal mutations were made in the putative interaction sites on MrsI and *bfrA-zeoR*. Levels of *bfrA-zeoR* in each strain were measured by RT-qPCR (\**P* \< 0.05 and \*\**P* \< 0.005, unpaired *t* test). Error bars represent SD of three replicates.](pnas.1718003115fig04){#fig04}

MrsI Regulates *bfrA* Through a Direct Interaction. {#s4}
---------------------------------------------------

We hypothesized that MrsI directly regulates transcripts encoding iron-containing proteins. To test this, we first used the sRNA target prediction software programs TargetRNA2 and CopraRNA to agnostically predict direct mRNA interactors of MrsI in *M. smegmatis* ([@r31], [@r32]). However, of the 115 direct MrsI targets predicted by these tools, none appeared to be regulated in a MrsI-dependent fashion in the expression analysis. We therefore sought to validate our experimentally identified putative targets by manually identifying regions involved in MrsI--mRNA interaction. sRNAs initiate contact with their targets through a short 6--8-nt sequence of perfect complementarity termed the seed region. Because seed regions are usually highly conserved, we focused on the stretch of nucleotides encompassing the 5′ hairpin ([Fig. 2*C*](#fig02){ref-type="fig"}) ([@r33], [@r34]). The 7-nt apical loop of this hairpin was the most promising site, as seed regions are generally single stranded to allow for intermolecular base pairing with target mRNAs ([Fig. 2*B*](#fig02){ref-type="fig"}, red box) ([@r33]). Importantly, the 5′ ends of 7 of the 12 differentially expressed transcriptional units have perfect complementarity to 6 nt of the loop ([*SI Appendix*, Fig. S4*B* and Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)).

To test if MrsI directly binds to its mRNA targets through the putative 6-nt seed region, we performed reciprocal mutation of *mrsI* and one candidate target, *bfrA* ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"}). The 5′ UTR of *bfrA* was fused to the exogenous gene *zeoR*, creating a *bfrA-zeoR* expression reporter, and *mrsI* was inducibly expressed from an episomal plasmid. We measured *bfrA-zeoR* expression during iron limitation by RT-qPCR. We then introduced point mutations into the *mrsI* seed region and the putative binding site in the *bfrA* 5′ UTR and assessed the effect on *bfrA-zeoR* levels. In a strain containing *mrsI*^*WT*^*bfrA*^WT^-*zeoR*, induction of MrsI repressed *bfrA-zeoR* expression as expected ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"}). Introduction of a G41A mutation into the putative seed region of *mrsI* abrogated regulation of the target ([Fig. 4*C*](#fig04){ref-type="fig"}). To determine whether this loss of regulation was caused by true disruption of a seed sequence, we introduced a compensatory C→T mutation to the predicted binding site in the 5′ UTR of *bfrA-zeoR* (*bfrA*^C→T^-*zeoR*). The *bfrA*^C→T^-*zeoR* mutation restored regulation by *mrsI*^G41A^ ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"}), whereas *mrsI*^*WT*^ failed to regulate *bfrA*^C→T^-*zeoR* ([Fig. 4*C*](#fig04){ref-type="fig"}). These data demonstrate that MrsI regulates *bfrA* by direct interaction between a 6-nt seed sequence and a perfectly complementary region in the *bfrA* 5′ UTR. This represents a validated direct sRNA target in mycobacteria.

MrsI in *M. tuberculosis* Mediates Extensive Transcriptome Changes During Iron Deprivation. {#s5}
-------------------------------------------------------------------------------------------

We next used transcriptional profiling to define the effects of MrsI on the *M. tuberculosis* transcriptome during iron starvation, oxidative stress, and membrane stress ([Fig. 5*A*](#fig05){ref-type="fig"} and [Dataset S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). We used the mycobacterial CRISPR interference system (CRISPRi) to inducibly knock down MrsI expression ([@r35]). Knockdown of MrsI resulted in the increased expression of 118 genes, consistent with repression by MrsI ([Dataset S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental), red). A total of 106 of these genes were differentially expressed during iron deprivation, whereas 5 and 12 genes were differential in oxidative stress and membrane stress, respectively. Thus, although MrsI affects gene expression in three stresses in *M. tuberculosis*, its effects are most extensive during iron deprivation. We next defined the phenotypic consequences of MrsI-mediated riboregulation in *M. tuberculosis* during iron starvation. Although no growth defect was observed upon MrsI knockdown in the absence of stress, knockdown of MrsI attenuated growth of *M. tuberculosis* during iron deprivation, similar to the phenotype observed in *M. smegmatis* ([Fig. 5*B*](#fig05){ref-type="fig"}).

![MrsI mediates an anticipatory iron-sparing response in *M. tuberculosis*. (*A*) Heat map of genes putatively directly regulated by MrsI in MrsI-inducing stress conditions. (*B*) Growth curves of *M. tuberculosis mrsI* knockdown strain with and without CRIPSRi induction in rich medium (*Top*) and during iron starvation (*Bottom*; \**P* \< 0.05, unpaired *t* test). Error bars represent SD of three replicates. (*C*) Levels of the MrsI target *bfrA* with and without preexposure to oxidative stress in *M. tuberculosis*. Three biological replicates of the MrsI knockdown strain were grown with or without oxidative stress for 4 h before iron starvation for 24 h (gray region). Levels of *bfrA* were measured by using Nanostring. Samples with and without MrsI knockdown (*Bottom* and *Top*, respectively) are shown (\**P* \< 0.05 and \*\**P* \< 0.005, unpaired *t* test). Error bars represent the SD of three biological replicates.](pnas.1718003115fig05){#fig05}

Two of the genes regulated by MrsI in *M. smegmatis*, *bfrA* and *fprA*, were also regulated in *M. tuberculosis* during iron deprivation. The MrsI binding sites in both of these transcripts are perfectly conserved between *M. smegmatis* and *M. tuberculosis*, suggesting preservation of targeting regions. Additionally, both encode iron-containing proteins consistent with a conserved role for MrsI in iron sparing. To distinguish between direct and indirect effects, we identified other putative direct targets in *M. tuberculosis* by scanning the 5′ ends of each of the regulated genes for MrsI binding sites. Including *bfrA* and *fprA*, 20 genes organized into 9 transcription units contained potential MrsI binding sites in the 5′ UTR. These are therefore putative direct targets ([Fig. 5*A*](#fig05){ref-type="fig"}), and 17 of these genes encode predicted iron-binding proteins. Of the 20 genes, two were differential during oxidative stress and membrane stress. The more robust changes to the transcriptome during MrsI knockdown in iron limitation and the fact that 17 of the 20 putative direct MrsI targets encode nonessential iron-containing proteins support a model in which MrsI functions as an iron-sparing sRNA in *M. smegmatis* and *M. tuberculosis*.

MrsI in *M. tuberculosis* Mediates an Anticipatory Iron Sparing Response. {#s6}
-------------------------------------------------------------------------

That MrsI predominantly regulates iron metabolism while it is induced by multiple stresses may be indicative of a stress-adaptation program that integrates multiple signals to anticipate iron starvation and facilitate a more rapid iron-sparing response. We reasoned that preexposure of *M. tuberculosis* to oxidative stress before iron starvation would lead to more rapid MrsI-mediated repression of its targets. In line with the proposed model, cells preexposed to oxidative stress repressed *bfrA* expression more quickly under iron limitation than cells not preexposed to oxidative stress ([Fig. 5*C*](#fig05){ref-type="fig"}, *Top*, time 8 h). This early repression of *bfrA* is abrogated with MrsI knockdown, confirming that the effect is MrsI-dependent ([Fig. 5*C*](#fig05){ref-type="fig"}, *Bottom*, time 8 h). Interestingly, with MrsI knockdown, exposure to oxidative stress alone led to increased levels of *bfrA*, suggesting that this effect is dampened by MrsI in WT cells ([Fig. 5*C*](#fig05){ref-type="fig"}, time 4 h). By 24 h of iron starvation, *bfrA* repression was the same with or without preexposure to oxidative stress ([Fig. 5*C*](#fig05){ref-type="fig"}, time 28 h). MrsI expression is therefore induced by multiple stresses, which allows for faster regulation of its targets, consistent with a model of an anticipatory response to iron starvation.

Discussion {#s7}
==========

Although much is known about sRNAs in enteric bacteria, relatively little is understood about these regulators in mycobacteria. Here, we employed high-throughput methodologies to discover *M. tuberculosis* sRNAs involved in response to five host-like stresses. We generated a reference list of 189 *M. tuberculosis* sRNAs with well-defined boundaries and profiles of their expression patterns under these relevant conditions ([Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). The results presented here provide the most comprehensive assessment of sRNA-mediated regulation in *M. tuberculosis* as well as the most detailed functional characterization of any actinobacterial sRNA to date. Importantly, our study also provides a template for conducting similar systematic studies of sRNAs in other species to discover yet-unknown sRNAs and gain valuable insights into their regulatory roles. This will likely prove particularly useful for other important human pathogens for which there is a dearth of information on sRNAs.

We validated a direct interaction between a mycobacterial sRNA and an mRNA target, which provides important insights into target recognition by mycobacterial sRNAs ([Fig. 4*C*](#fig04){ref-type="fig"}). Data from MrsI suggest that the rules for target binding do not precisely mirror those that have been defined in other prokaryotes. Indeed, the established bioinformatic sRNA target prediction tools TargetRNA2 and CopraRNA did not predict that MrsI would directly regulate any of the experimentally identified targets in *M. smegmatis*. Running TargetRNA2 individually on each of these experimentally identified MrsI targets revealed that only two have favorable binding energies ([*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). The predicted binding energies for the other MrsI--target pairs are substantially higher (i.e., less favorable) than those of the enterobacterial interactions on which the software is trained, and thus they are omitted from the list of predicted direct targets ([*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Our results thus suggest a space for lineage-specific tuning of sRNA target-binding parameters. It is also interesting to note that sRNAs in enterobacteria require RNA chaperone proteins such as Hfq and ProQ to mediate mRNA regulation, despite their comparatively high mRNA affinity ([@r36][@r37]--[@r38]). Although mycobacteria lack a known Hfq or ProQ homolog, the less favorable binding energy of mycobacterial sRNAs suggests that noncanonical RNA chaperones exist in this lineage. Interestingly, studies in *Bacillus subtilis* have revealed a set of three noncanonical sRNA chaperones involved in the iron-sparing response ([@r39], [@r40]). Further studies will be necessary to identify the sRNA chaperone(s) that mediate MrsI regulation of its mRNA targets and if the binding energies of MrsI--mRNA interactions are representative of all mycobacterial sRNAs.

Although MrsI becomes highly induced in three stresses in *M. tuberculosis*, its effects on the transcriptome are more extensive during iron starvation ([Fig. 5*A*](#fig05){ref-type="fig"} and [Dataset S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)). Here, we show that preexposure of *M. tuberculosis* to oxidative stress results in more rapid MrsI-mediated repression of *bfrA* during iron starvation ([Fig. 5*C*](#fig05){ref-type="fig"}). This suggests that *M. tuberculosis* may take advantage of the predictable pattern of its stresses by using oxidative and membrane stresses as warning signals that it has entered a macrophage and will soon become deprived of iron. Therefore, sensing oxidative stress and membrane stress cause *M. tuberculosis* to enter an anticipatory iron-sparing state, priming MrsI to repress translation of targets such as *bfrA*. We cannot rule out the possibility that MrsI-mediated repression of these nonessential iron containing proteins could be adaptive in oxidative stress. However, studies in other bacteria suggest that this response alone could be detrimental in oxidative stress, in which iron sequestration by iron-storage proteins has been shown to prevent Fenton reactions from occurring.

Anticipatory responses to predictable sequences of environmental conditions have become increasingly recognized and highlight the intricate adaptation mechanisms bacteria have acquired during coevolution with hosts. For example, an anticipatory metabolic response was recently described for *M. tuberculosis*, in which exposure to hypoxia induces a metabolic remodeling of cell surface glycolipids and prepares the cell to reinitiate peptidoglycan biosynthesis upon exit from hypoxia ([@r41]). Additionally, predictive regulation has been described in *E. coli*, which resides in the human gut ([@r42], [@r43]). *E. coli* encounters lactose during gut transit at an earlier point than maltose, and exposure to lactose causes preinduction of a set of maltose utilization operons, preemptively preparing the cells to use maltose as a carbon source ([@r42]). Further studies will be necessary to determine the prevalence and functional importance of this anticipatory regulation for pathogenesis of *M. tuberculosis* and other human-associated bacterial species.

Materials and Methods {#s8}
=====================

Bacterial Strains and Growth Conditions. {#s9}
----------------------------------------

All *M. tuberculosis* strains used are derivatives of H37Rv, and all *M. smegmatis* strains are derivatives of mc^2^155. Strains are listed in [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental). Bacterial plasmids used in this study are listed in [*SI Appendix*, Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental), and details of their construction are in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental). Oligonucleotides used are listed in [*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental). *M. tuberculosis* and *M. smegmatis* strains were recovered from frozen stocks in Middlebrook 7H9 medium at 37 °C. Kanamycin (20 µg/mL), hygromycin B (50 µg/mL), and anhydrotetrayclcine (ATc; 100--200 ng/mL) were added when appropriate. For iron-starvation experiments, cells were grown in minimal medium with or without 50 µM FeCl~3~ as described previously ([@r44]). The iron-starvation medium, which has no added iron, was additionally treated with Chelex-100 to remove residual iron. For oxidative stress and membrane stress, cells were grown in 7H9 supplemented with *tert*-Butyl hydroperoxide (tBHP) or SDS, respectively. For nutrient starvation, cells were grown in PBS solution with 0.05% vol/vol tyloxapol. Details of growth conditions for sRNA-seq and transcriptomics are provided in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental).

RNA Extraction, RT-qPCR, sRNA-Seq, and Total RNA-Seq. {#s10}
-----------------------------------------------------

RNA extraction and RT-qPCR were performed as described previously ([@r35]). RNA for sRNA-seq was extracted from *M. tuberculosis* grown in three biological replicates, and sRNA-seq libraries were prepared as described previously ([@r9]). Details of treatment of cells for transcriptomic analysis are provided in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental). RNA for total RNA-seq was prepared similarly from two biological replicates by using the KAPA RNA Hyperprep kit (KAPA Biosystems) following the manufacturer's instructions. For sRNA-seq and total RNA-seq in *M. tuberculosis*, oxidative stress was induced with 1 mM tBHP and membrane stress was induced with 0.5% SDS. Details of RNA-seq data analysis are provided in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental).

Luciferase Assays. {#s11}
------------------

*M. smegmatis* cells were grown to midlog phase (OD~600~ 0.2--0.8) before exposure to 0.06 mM tBHP (oxidative stress) or 0.02% SDS (membrane stress) for 2 h or growth in medium without iron for 24 h (i.e., iron starvation), and luciferase production was measured by using the RenillaGlo Luciferase Assay kit (Promega) following the manufacturer's instructions.

Proteomics. {#s12}
-----------

Three replicates of ∆*mrsI*, complemented, and WT *M. smegmatis* were expanded to midlog phase in minimal medium supplemented with iron and hygromycin B. Cells were washed once with iron starvation medium and grown in the same medium with hygromycin B and ATc for 10 h. Proteomic analysis was performed by using quantitative LC-MS/MS. Details of proteomic sample preparation and analysis are provided in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental). Gene set enrichment analysis ([@r30]) was performed by using the Wilcoxon test. The gene set used comprised the genes identified by transcriptomic analysis as regulated by MrsI in *M. smegmatis* ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental)).

Anticipatory Response Experiments. {#s13}
----------------------------------

Three biological replicates of *M. tuberculosis* were grown in 7H9 medium with or without 24 h of ATc-mediated induction of CRISPRi to midlog phase before transfer to 7H9 medium with or without 1 mM tBHP for 4 h. Samples with CRISPRi induced were supplemented with ATc. Cells were pelleted, washed once with iron-starvation medium, and then transferred to iron-starvation medium with or without ATc for 24 h. RNA was harvested before transfer into each medium and after 4 and 24 h of iron starvation for gene expression analysis by Nanostring (Nanostring Technologies). Details of Nanostring methodology and analysis are provided in [*SI Appendix*, *Supplemental Materials and Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718003115/-/DCSupplemental).
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